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Abstract
Rather than sticking to the full U(3)3 approximate symmetry normally invoked in Minimal
Flavour Violation, we analyze the consequences on the current flavour data of a suitably
broken U(2)3 symmetry acting on the first two generations of quarks and squarks. A definite
correlation emerges between the ∆F = 2 amplitudes M(K0 → K¯0), M(Bd → B¯d) and
M(Bs → B¯s), which can resolve the current tension between between M(K0 → K¯0) and
M(Bd → B¯d), while predicting M(Bs → B¯s). In particular, the CP violating asymmetry
in Bs → ψφ is predicted to be positive Sψφ = 0.12 ± 0.05 and above its Standard Model
value (Sψφ = 0.041±0.002). The preferred region for the gluino and the left-handed sbottom
masses is below about 1 ÷ 1.5 TeV. An existence proof of a dynamical model realizing the
U(2)3 picture is outlined.
1 Introduction
Explaining the masses and mixings of quarks and leptons remains a fundamental open problem in
particle physics. What the last decade of experimental developments has added to this problem
is the evidence that the CKM picture of the quark flavours, as realized in the Standard Model, is
fundamentally at work.
How does weak-scale supersymmetry confront these statements? While such a question is
relevant for any extension of the SM, it is especially pregnant in the case of supersymmetry, which
doubles the number of flavoured degrees of freedom at the Fermi scale with their own masses and
mixings. In a sense this appears to be both a special problem and an opportunity. It is a special
problem because, with squarks in the hundreds of GeVs, the preservation of the CKM picture to
a sufficient level of accuracy is non trivial. It is an opportunity because the deviations from a
strict CKM picture that should show up at some level might bring new key information to attack
the problem of the origin of flavour breaking at all. Also in view of the tension that emerges from
the cumulative fits of flavour physics in the strict SM, this motivates us to reconsider the flavour
problem in supersymmetry.
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A phenomenological “near-CKM” picture of flavour physics is highly suggestive of a suitable
flavour symmetry approximately operative on the entire supersymmetric extension of the SM,
whatever it may be. Among the symmetries that have been considered, two are of interest here:
• U(3)Q × U(3)u × U(3)d, broken by spurions transforming as Yu = (3, 3¯, 1) and Yd = (3, 1, 3¯)
[1–3];
• U(2) acting on the first two generations of quark superfields (and commuting with the gauge
group), broken by one single doublet and by one or more rank-two tensors [4, 5].
The first case – U(3)3 for brevity – corresponds to the standard Minimal Flavour Violation (MFV)
hypothesis and can result from gauge mediation of supersymmetry breaking. U(3)3 can explain the
lack of flavour signals so far from s-partner exchanges, provided one take small enough flavour-blind
CP-phases to cope with the limits from the Electric Dipole Moments (the so called supersymmetric
CP-problem). This in turn hampers the possible interpretation of the recently measured CP-
asymmetries in the B-system in terms of new physics. No attempt is made to address the “fermion
mass problem”.
A step in this direction is instead taken in the second case, based on the strong hierarchical
pattern of the Yukawa couplings with only one of them, or two at most, of order unity. In Ref.s [4,5]
this pattern is assumed to result from a weakly broken U(2) symmetry acting on the first two
generations of quarks superfields consistently with SU(3)× SU(2)×U(1) gauge invariance. U(2)
can also go a long way in explaining the absence, so far, of new flavour changing phenomena, with
the special feature, not allowed in the U(3)3 case, that the first two generations of squarks can be
significantly heavier than the third generation ones. This is crucial to solve the supersymmetric
CP problem, making compatible sizable flavour-blind CP phases with the current limits on the
Electric Dipole Moments. However, a U(2) symmetry acting on both left- and right-handed fields,
does not provide in general a sufficient protection of flavour-violating effects in the right-handed
sector, which are strongly constrained by present data.
2 Definition of the framework
For reasons that will be clear shortly, here we consider an approximate U(2)Q × U(2)u × U(2)d
flavour symmetry, intermediate between the two previous cases and still motivated by the pattern
of quark masses and mixings. Furthermore, in analogy with the MFV case, we assume that this
U(2)3 is broken by spurions transforming as ∆Yu = (2, 2¯, 1) and ∆Yd = (2, 1, 2¯). In fact, if these
bi-doublets were the only breaking parameters, the third generation, made of singlets under U(2)3,
would not be able to communicate with the first two generations at all. For this to happen, one
needs single doublets, at least one, under any of the three U(2)’s. The only such doublet that can
explain the natural size of the quark masses and mixings, up to factors of order unity, transforms
under U(2)Q × U(2)u × U(2)d as V = (2, 1, 1).
Combining the various symmetry breaking terms, as described in Appendix A, the standard
3× 3 Yukawa matrices in generation space end up with the following form:
Yu = yt
(
∆Yu xt V
0 1
)
, Yd = yb
(
∆Yd xb V
0 1
)
, (1)
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where ∆Yu and ∆Yd have been suitably rescaled, yt, yb are the third generation Yukawa couplings
and xt, xb are complex parameters of O(1). The 2 × 2 matrices ∆Yu and ∆Yd and the vector V
are the small symmetry breaking parameters of U(2)Q × U(2)u × U(2)d with entries of order λ2
or smaller, with λ the sine of the Cabibbo angle. Analogous expressions, detailed in Appendix B,
hold for the three soft mass matrices m2
Q˜
,m2u˜,m
2
d˜
.
By suitable unitary transformations one can go to the physical basis for quarks and squarks
with the consequent appearance of mixing matrices in the various interaction terms, in particular
the standard charged current interactions and the gaugino interactions of the down quark-squarks
(u¯LγµVCKMdL)Wµ , (d¯L,RW
d
L,Rd˜L,R)g˜ . (2)
As shown in Appendixes A and B, to a good approximation the matrices VCKM and W
d
L have the
following correlated forms
VCKM =
 1− λ2/2 λ suse−iδ−λ 1− λ2/2 cus
−sds ei(φ+δ) −scd 1
 , (3)
W dL =
 cd sde−i(δ+φ) −sdsLeiγe−i(δ+φ)−sdei(δ+φ) cd −cdsLeiγ
0 sLe
−iγ 1
 , (4)
where the phases φ and δ are related to each other and to the real and positive parameter λ via
sucd − cusde−iφ = λeiδ , (5)
the real parameter sL is of order λ
2, and γ is an independent CP-violating phase. At the same
time the off-diagonal entries of the matrix W dR are negligibly small.
Up to phase redefinitions, eq.s (3) and (4) were obtained in Ref. [6] based on a U(2) symmetry.
There, however, with a single U(2) not distinguishing between left and right, a mixing matrix
W dR was also present involving a new mixing angle (sL → sR) and a new phase (γ → γR). As it
will be apparent in the next Section, the simultaneous presence of W dL and W
d
R would lead to a
∆S = 2 LR operator, which corrects by a too large amount the CP-violating K parameter due
to its chirally enhanced matrix element.
3 Implications
While the CKM picture has been very successful in describing experimental observations of flavour
and CP violation, recently there are mounting tensions in this description. Firstly, there is a
tension among the CP violating parameter in the K system |K |, the ratio of mass differences in
the Bd,s systems ∆Md/∆Ms and the mixing induced CP asymmetry in Bd → ψKS, which in the
SM measures sin(2β) [7–11]. Secondly, there are hints for a sizable mixing-induced CP asymmetry
in Bs → J/ψφ, implying non-standard CP violation in the Bs system, and an anomalous dimuon
charge asymmetry, pointing to non-standard CP violation either in the Bd or Bs systems [12,13].
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|Vud| 0.97425(22) [14] fK (155.8± 1.7) MeV [15]
|Vus| 0.2254(13) [16] BˆK 0.724± 0.030 [17]
|Vcb| (40.89± 0.70)× 10−3 [13] κ 0.94± 0.02 [18]
|Vub| (3.97± 0.45)× 10−3 [19] fBs
√
Bˆs (291± 16) MeV [20]
γCKM (74± 11)◦ [11] ξ 1.23± 0.04 [20]
|K | (2.229± 0.010)× 10−3 [21]
SψKS 0.673± 0.023 [22]
∆Md (0.507± 0.004) ps−1 [22]
∆Ms (17.77± 0.12) ps−1 [23]
Table 1: Observables and hadronic parameters used as input to the CKM fit.
To expose the tension among |K |, ∆Md/∆Ms and sin(2β) in the SM, we perform a global
fit of the CKM matrix. By removing one observable from the fit, one obtains a prediction for it
which can then be compared to its experimental value.
In a second step, we discuss the modification of the ∆F = 2 observables entering the fit in the
U(2)3 setup. Performing a fit of the CKM matrix and the relevant additional model parameters
allows us to predict the size of CP violation in the Bs system and to get information on the scale
of sparticle masses.
3.1 Input data and Standard Model fit
We perform global fits of the Wolfenstein CKM parameters λ, A, ρ¯ and η¯ to (a subset of) the
observables given in the left column of table 1. To this end, we use a Markov Chain Monte
Carlo with the Metropolis algorithm to determine the Bayesian posterior probability distribution
for the input parameters. We treat all errors as Gaussian, taking into account the experimental
uncertainties indicated in the left column of table 1 as well as the theoretical ones, due to the
hadronic parameters collected in the right column of table 1.
Figure 1 shows the fit results for two fits: in the first case all the constraints in the left column
of table 1 except for SψKS = sin(2β) have been used, in the second case all constraints except for
|K |. The left panels show the 2σ bands of the individual constraints in the (ρ¯, η¯) plane and the
68% and 95% C.L. region for ρ¯ and η¯. The dashed lines show the band of the “unused” constraint,
which in both cases clearly deviates from the region preferred by the fit. This becomes even
more apparent comparing the probability density functions of SψKS and |K | to their experimental
values as shown in the right panels.
These tensions, if explained by NP, could be due to non-standard contributions in neutral
kaon mixing, non-standard CP violation in Bd mixing or a non-universal modification of the mass
differences in the Bd and Bs systems. In the next section, we will discuss which of these solutions
is possible in the U(2)3 setup.
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Figure 1: Results of two global fits of the CKM matrix using tree-level and ∆F = 2 observables,
excluding SψKS = sin(2β) (top row) or |K | (bottom row). The bands in the left panels correspond
to 2σ errors. The dotted bands in the right panels correspond to 1σ errors.
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3.2 Supersymmetric fit
For m2Ql  m2Qh the three down-type ∆F = 2 amplitudes, including SM and gluino-mediated
contributions, assume the following simple form
M(K0 → K¯0) =
∣∣∣M(tt)SM ∣∣∣ (V ∗tsVtd)2|V ∗tsVtd|2
[
1 +
s4Lc
4
d
|Vts|4 F0
]
+M(tc+cc)SM , (6)
M(Bd → B¯d) = |MSM| (V
∗
tbVtd)
2
|V ∗tbVtd|2
[
1 +
s2Lc
2
d
|Vts|2 e
−2iγ F0
]
, (7)
M(Bs → B¯s) = |MSM| (V
∗
tbVts)
2
|V ∗tbVts|2
[
1 +
s2Lc
2
d
|Vts|2 e
−2iγ F0
]
, (8)
where in the kaon case we have separated the leading top-top contribution from the subleading
top-charm and charm-charm terms. The function F is
F0 =
2
3
(
gs
g
)4
m2W
m2Q3
1
S0(xt)
[
f0(xg) +O
(
m2Ql
m2Qh
)]
, (9)
f0(x) =
11 + 8x− 19x2 + 26x log(x) + 4x2 log(x)
3(1− x)3 , (10)
xg =
m2g˜
m2Q3
, f0(1) = 1 ,
where S0(xt = m
2
t/m
2
W ) ≈ 2.4 is the SM one-loop electroweak coefficient function. Note that,
since SM and gluino-mediated contributions generate the same ∆F = 2 effective operator, all
non-perturbative effects and long-distance QCD corrections have been factorized. The typical size
of F0, as a function of the gluino mass and mQ3 , is shown in figure 2.
Eq.s (6)–(8) lead to remarkably simple expressions for the modification of the ∆F = 2 observ-
ables entering the CKM fit. Defining x = s2Lc
2
d/|Vts|2, one can write
K = 
SM(tt)
K ×
(
1 + x2F0
)
+ 
SM(tc+cc)
K (11)
SψKS = sin
(
2β + arg
(
1 + xF0e
2iγ
))
, (12)
∆Md = ∆M
SM
d ×
∣∣1 + xF0e2iγ∣∣ , (13)
∆Md
∆Ms
=
∆MSMd
∆MSMs
. (14)
Analogously, the mixing-induced CP asymmetry in Bs → J/ψφ can be written as
Sψφ = sin
(
2|βs| − arg
(
1 + xF0e
2iγ
))
, (15)
where βs = −Arg [−(V ∗tsVtb)/(V ∗csVcb)] is the SM mixing phase.
We are now in a position to perform a fit of the CKM matrix in the supersymmetric case,
varying x, F0 and γ of eq.s (11)–(13) in addition to the 4 Wolfenstein parameters and using
all observables in the left column of table 1 as constraints, with the appropriate modification of
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Figure 2: Value of the loop function F0 defined in (9) as function of the gluino and left-handed
sbottom masses.
- 0.2 0.0 0.2 0.4
0.0
0.1
0.2
0.3
0.4
0.5
Ρ
Η
0.00 0.05 0.10 0.15 0.20 0.25 0.30
- 0.6
- 0.5
- 0.4
- 0.3
- 0.2
- 0.1
0.0
F0 x
Γ  Π
Figure 3: Left: result of the global fit with inclusion of the corrections as in eq.s (11-13). Right:
preferred values of the parameters defined in text, as determined from the fit.
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Figure 4: Correlation among the preferred values of x and F0 (left) and prediction of Sψφ as a
function of SψKS (right) as determined from the supersymmetric fit.
∆F = 2 amplitudes as discussed above. Given the typical size of F0 as shown in figure 2, we
impose a flat prior F0 < 0.2.
The left panel of figure 3 shows the fit result in the (ρ¯, η¯) plane. The tension among |K |,
SψKS and ∆Md/∆Ms has disappeared. More precisely, we find χ
2/Ndof = 0.7/2, compared to
χ2/Ndof = 9.8/5 for the full SM fit. This is due both to a positive SUSY contribution to |K | as
well as a new phase in Bd mixing. Note that the positive sign of the SUSY contribution to |K |
is an unambiguous prediction of our framework. The right panel shows the preferred values for
the combination F0x and the phase γ entering Bd,s mixing. As shown in the left panel of figure 4,
F0 and x are not very well constrained separately, but F0 & 0.05 is preferred by the fit, implying
sub-TeV gluino and squark masses (see figure 2).
The non-zero value of γ required by the fit to solve the CKM tensions implies non-standard
CP-violation in the Bs system by means of equation (15). We show the fit prediction for Sψφ in
the right panel of figure 4 in the SψKS vs. Sψφ plane. While SψKS coincides with the experimental
measurement (note that it was among the fit constraints), Sψφ is clearly preferred to be larger
than its tiny SM value, indicated by a horizontal line. The pattern implied by (11-14) was already
noticed in [24] assuming the dominance of the LL operators. The correlation between SψKS and
Sψφ implied by eq.s (12) and (15) is the same pointed out in [25] in the context of effective theory
approaches with a horizontal SU(2) symmetry acting on left-handed light quarks.
For the semi-leptonic asymmetry asSL and the like-sign dimuon charge asymmetry ASL measured
at the Tevatron, we find values below the permille level. We note that an enhancement ofASL above
the 3 permille level requires NP contributions to the absorptive part of the mixing amplitude [26],
which are not generated in our framework.
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Chiral field GSM1 G
SM
2
χh (3, 2,
1
6
) (3, 2,−1
6
)
χ˜h (3, 2,−16) (3, 2, 16)
χ` (1, 2,
1
2
) (1, 2,−1
2
)
χ˜` (1, 2,−12) (1, 2, 12)
Table 2: Transformation properties of the link fields under GSM1 ×GSM2 .
4 A dynamical model
As recalled in Section 1, the U(3)3 of MFV arises in gauge mediation of supersymmetry breaking.
The only condition for this to be the case is that the scale at which the Yukawa couplings are
generated is higher than the scale of the messenger masses. Here we briefly outline a possible
dynamical model for the generation of the U(2)3 described above, suitably modifying a proposal
in Ref. [27].
The basic splitting between the third and the first two generations arises from a doubling of the
SM gauge group, GSM1 and G
SM
2 , a “two-site deconstruction” of the SM, with the third generation
of matter superfields transforming in the usual way under GSM1 and the first two generations under
GSM2 . Like the third generation of matter, the two Higgs doublets of the MSSM also transform
only under GSM1 . As usual, the SM is made to emerge at low energy by spontaneously breaking the
product group GSM1 ×GSM2 down to the diagonal subgroup by the VEV’s of vector-like link fields.
Departing from the assignments in [27], we choose their transformation properties as indicated in
table 2, with an eye to the desired pattern of the Yukawa couplings in flavour space. To avoid
unwanted light states the superpotential will have to include quartic terms of the form χhχ`χ¯hχ¯`.
The definition of the model is complete by including a supersymmetry breaking sector directly
coupled to messengers of mass M charged under GSM2 .
In absence of Yukawa couplings such a model has a built in U(2)3 flavour symmetry with the
first and second generation sfermions receiving a standard gauge-mediation two loop mass
m2GM ≈
( α
4pi
)2( F
M
)2
, (16)
while the third generation sfermion masses are suppressed since they effectively come from gaugino
mediation
m2gM ≈
( α
4pi
)3( F
M
)2
. (17)
Let us now introduce the most general Yukawa interactions of lowest possible dimensionality,
weighted by inverse powers of a mass scale M∗, not necessarily related to M , but otherwise with
dimensionless couplings of order unity. Defining the small parameters
` ≡ 〈χ`〉
M∗
=
〈χ˜`〉
M∗
, h ≡ 〈χh〉
M∗
=
〈χ˜h〉
M∗
, (18)
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one finds the following textures for the quark and squark mass matrices:
Yu, Yd ∼
 ` ` h` ` h
`h `h 1
 , (19)
m2u˜ ∼ m2d˜ ∼
 m2GM 0 `hm2GM0 m2GM `hm2GM
`hm
2
GM `hm
2
GM m
2
g˜M
 , (20)
m2
Q˜
∼
 m2GM 0 hm2GM0 m2GM hm2GM
hm
2
GM hm
2
GM m
2
g˜M
 , (21)
where we have neglected 2h terms in the 31 and 32 entries of Yd and in m
2
d˜
.
Taking ` ≈ h ≈ 10−2, these matrices are approximately equivalent to the ones described in
Section 2. Neglecting the small `h terms, the main difference is the absence of correlation between
the entries i3, i = 1, 2 of the matrices Yu, Yd,m
2
Q˜
implied in the general analysis by assuming the
presence of a single spurion doublet V under U(2)Q. As an example, such correlation can be
effectively obtained here by forcing vanishing 13 entries in these matrices via a discrete symmetry
(Q, u, d)2, χh, χ˜h, χ`1, χ˜`1 → −(Q, u, d)2, −χh, −χ˜h, −χ`1, −χ˜`1
while all the other fields are untouched. The only extra ingredient with respect to the minimal
model is an additional link field χ`2 , χ˜`2 with the same quantum numbers of χ`1, χ˜`1 but neutral
under Z2. Other discrete symmetries, which may be worth studying, can be invoked to justify
mass splitting and mixing angles of the first two generations.
5 General consequences of U(2)3 and MFV
Within the supersymmetric framework we are considering, gluino-mediated amplitudes are the
dominant non-standard effect in ∆F = 2 observables. However, it is worth to stress that the
results of the fit in Section. 3.2 are, to a large extent, valid also beyond the assumption of gluino-
mediated dominance and even beyond supersymmetry: they are a general consequences of U(2)3
and its breaking pattern.
Employing a general effective-theory approach, we can analyse the general structure of FCNC
amplitudes by considering higher-dimensional operators formally invariant under U(2)Q×U(2)u×
U(2)d, constructed from SM fields and U(2)
3-breaking spurions. As in the MFV case [3], in
our framework the leading flavour-changing amplitudes are of left-handed type and, to a good
approximation, can be evaluated neglecting the effects of light-quark masses (i.e. setting ∆Yu,d →
0).
The generic combination of left-handed quark bilinears up to O(2) = O(λ4) has the following
structure,
XˆLL = q¯iXijqj = a1Q¯
†Q+ a3q¯3q3 + b13(Q¯V ∗)q3 + b31q¯3(V TQ) + a2(Q¯V ∗)(V TQ) +O(3) , (22)
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where ai and bij are O(1) coefficients. With this definition, the ∆F = 2 Hamiltonian can be
written as
H∆F=2eff =
1
2
(
Xˆ2LL + Xˆ
†2
LL
)
= Xˆ2LL
∣∣∣
ai→<(ai), b31=b∗13
(23)
where Xij assumes the following form in the mass-eigenstate basis of down-type quarks:
Xd = U∗dL ×
 a1 0 00 a1 + a22 b31
0 b13 a3
× UTdL . (24)
The Xd entry relevant to kaon physics is
Xd12 = sdcde
−i(φ+δ) [s2b(a3 − a1)− b31sbeiφb − b13sbe−iφb + a22]+O(sd3) (25)
= cKV
∗
tdVts +O(sd3) . (26)
Once we take into account the conditions on ai and bij dictated by the hermiticity of the ∆F = 2
Hamiltonian in (23), it follows that the O(1) coefficient cK is real. Similarly, the entries relevant
to B physics are
Xd13 = sde
−i(φ+δ) [−sb(a3 − a1)e−i(ξ+φb) + b31e−iξ]+O(sd2) = cBeiαBV ∗tdVtb +O(sd2) ,
Xd23 = cd
[−sb(a3 − a1)e−i(ξ+φb) + b31e−iξ]+O(2) = cBeiαBV ∗tsVtb +O(2) , (27)
From these structures we can generalize the following three statements on the corrections to
∆F = 2 amplitudes that we already found in the specific case of the gluino-mediated amplitudes:
i. in all cases the size of the correction is proportional to the CKM combination of the corre-
sponding SM amplitude (MFV structure);
ii. the proportionality coefficient is the same in Bd and Bs systems, while it maybe be different
in the kaon system;
iii. new CP-violating phases can only appear in the Bd and Bs systems (in a universal way).
These statements are a general consequence of the U(2)3 flavour symmetry and its breaking
pattern. The properties ii. and iii. have indeed already been discussed in the literature in the
context of MFV in the large tan β limit: the statement ii. was already discussed in [3], in absence
of flavour-blind phases, while the condition iii. has been pointed out in [28]. This is not surprising,
since the U(3)3 group of MFV is broken to SU(2)3 × U(1) in the large tan β limit [28].
Since the U(2)3 group is our starting point, these conditions are naturally realized in our
framework independently of the value of tan β and without the need of considering operators with
high powers of the spurion fields. The only model-dependent result following from the assumption
of gluino-mediated amplitudes is the sign of the contribution to K that, as we have seen, goes in
the direction required by data. Note also that, assuming U(2)3 from the beginning, we realize the
decoupling of B and K physics without the need of operators with several powers of the Yukawa
couplings (contrary to Ref. [3,28]), operators which are naturally suppressed in a weakly coupled
theory such as the MSSM.
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6 Conclusions and outlook
Motivated in part by a few difficulties that seem to appear in the current description of the
flavour and CP-violation data, especially in the sector of ∆F = 2 observables, and in part by the
absence of large deviations from the Standard Model elsewhere, we have considered in this work
the possibility that the problem of ∆F = 2 observables be due to the emergence of long waited
signals of supersymmetry in the flavour and CP-violating sectors. To do this, we have found
particularly useful to reconsider the proposal that a weakly broken U(2) symmetry be operative
in determining the full flavour structure of the supersymmetric extension of the SM. Among the
appealing features of U(2) and an advantage over the standard MFV proposal is that it allows the
first two generations of sfermions to be substantially heavier than the third one, which helps to
address specifically also the supersymmetric CP problem. A single U(2) has a problem, however:
the dominance over every other effect of the contribution to K due to a LR operator with its
chirally enhanced K0− K¯0 matrix element. The solution of this problem resides in enlarging U(2)
to the full U(2)Q × U(2)u × U(2)d symmetry of the first two generations and demanding that the
communication with the third generation be due to doublets under U(2)Q only. If only one such
doublet is present, characteristic correlations exist between the various ∆F = 2 amplitudes that
we have exploited to improve the consistency of the fit of the flavour and CP-violation current
data. A striking confirmation of this picture can be provided by the measurement, currently
under way by the LHCb collaboration with sufficient precision, of the CP asymmetry in Bs → ψφ,
predicted to be positive and above its Standard Model value: 0.05 <∼ Sψφ <∼ 0.2. Furthermore, to
attribute it to supersymmetry requires finding a gluino and a left-handed sbottom with masses
below about 1÷ 1.5 TeV.
The present study can be extended in several directions, that we briefly mention. First,
although the effects in ∆F = 2 amplitudes are the ones of most obvious phenomenological sig-
nificance at present, some effects in ∆F = 1 transitions will also be present, relevant to future
measurements. Specifically we refer to CP violation, both due to the phases in (3) and (4), and
to possible flavour blind phases, not strongly constrained by the EDMs due to the heaviness of
the first sfermion generation [29]. Contrary to the ∆F = 2 case we expect the signatures in the
∆F = 1 sector to be more dependent on the details of the model, this is why we defer their
analysis to a separate paper. Secondly, in this work no assumption is made about possible in-
termediate breaking patterns of U(2)3, similarly to what was done in Ref. [24] for the U(2) case.
This allowed to correlate su, sd in (3) and (4) to the ratios of light quark masses mu/mc and
md/ms. A reconsideration of these attempts, appropriately corrected, in view of the current data
might be useful. Finally, the problem is pending of describing a dynamical model that realizes the
phenomenological U(2)3 picture. Section 4 provides an example, which may be useful to study in
more detail and/or be suitably modified.
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A Yukawa and CKM matrix in U(2)3
The transformation properties of the quark superfields under the U(2)Q × U(2)u × U(2)d group
are:
Q ≡ (Q1, Q2) ∼ (2¯, 1, 1) , (28)
uc ≡ (uc1, uc2)T ∼ (1, 2, 1) , (29)
dc ≡ (dc1, dc2)T ∼ (1, 1, 2) , (30)
while q3, t
c, and bc (the third generation fields) are singlets. We also assume a U(1)b symmetry
under which only bc is charged. With such assignments, the only term allowed in the Superpotential
in the limit of unbroken symmetry is
W = yt q3t
c Hu , (31)
where yt is the O(1) top Yukawa coupling.
The first step in the construction of the full Yukawas lies on the introduction of the U(2)3-
breaking spurion V , transforming as a (2,1,1). This allow us to write the following up-type Yukawa
matrix1
Yu = yt
(
0 xt V
0 1
)
. (32)
Here and in the following everything above the horizontal dashed line is subject to the U(2)Q
symmetry, while everything to the left of the vertical dashed line is subject to the U(2)u symmetry
(or the U(2)d symmetry in the down-type sector). The parameter xt is a complex free parameter
of O(1).
Similarly we can write the following down-type Yukawa matrix
Yd = yb
(
0 xb V
0 1
)
, (33)
where again xb is a complex free parameter of O(1). The size of yb depends on the ratio of
the two Higgs VEV’s. If tan β = 〈Hu〉/〈Hd〉 = O(1) the smallness of yb can be attributed to
approximate U(1)’s inside and outside U(2)3. Otherwise we can consider as reference value tan β =
〈Hu〉/〈Hd〉 = O(10), such that yb is small enough to avoid dangerous large tan β effects, but is
much larger than the U(2)3 breaking spurions and can be used as a natural overall normalization
factor for the down-type Yukawa coupling.
Finally, in order to build the masses and mixing of the first two generations we introduce two
additional spurions, ∆Yu and ∆Yd, transforming as (2, 2¯, 1) and (2, 1, 2¯), respectively. Combining
the various symmetry breaking terms, the Yukawa matrices end up with the following pattern:
Yu = yt
(
∆Yu xt V
0 1
)
, Yd = yb
(
∆Yd xb V
0 1
)
, (34)
1 We define the 3 × 3 Yukawa matrix starting from the superpotential W = qi(Yu)ijucj Hu . This imply the
following SM (non-supersymmetric) Yukawa interaction L = q¯Li(Y ∗u )ijuRj Hc
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where we have absorbed O(1) couplings by redefining ∆Yu and ∆Yd.
Due to the holomorphicity of the Superpotential, in a supersymmetric framework we are not
be able to add term on the lower-left sector of the Yukawas. Such terms would indeed have a
structure of the type
q3
(
V †∆Yu
)
U c, q3
(
V †∆Yd
)
Dc. (35)
Beside being non-holomorphic, these terms are doubly suppressed. Although we will not include
them in the following, we have explicitly checked that their inclusion do not lead to significant
differences in the results presented below.
A.1 Explicit Parametrization
The leading spurion V can always be decomposed as
V =  UV sˆ2 , s2 =
(
0
1
)
, (36)
where UV is a 2× 2 unitary matrix [det(U)=1] and  is a real parameter that we require to be of
O(|Vcb| ≈ 4× 10−2). The ∆Yu and ∆Yd spurions can be decomposed as:
∆Yu = U
†
Qu
∆Y du UU , (37)
∆Yd = U
†
Qd
∆Y dd UD, (38)
where ∆Y du = diag(λu1, λu2), ∆Y
d
d = diag(λd1, λd2), and the U ’s are again 2× 2 unitary matrices.
By construction, the size of the λi is such that the largest entry is |λd2| ≈ ms/mb = O().
With a suitable rotation in the U(2)3 space we can get rid of UV , UU , and UD. In such base
the Yukawa matrices assume the explicit form
Yu = yt
(
U †Qu∆Y
d
u  xtsˆ2
0 1
)
, (39)
Yd = yb
(
U †Qd∆Y
d
d  xbsˆ2
0 1
)
. (40)
We shall now address the issue of the relevant CP phases. We first note that shifting the
phases of tc and bc we can get rid of the phases in yt and yb, while a rephasing of the components
of uc and dc allows us to set the diagonal entries in ∆Y du,d to be real. In principle, we can get rid
of one of the two phases in xt or xb. However, in order to maintain a symmetric notation for up-
and down-quark Yukawas, we keep them both complex and denote them by xfe
iφf , with xf being
real and positive (f = t, b). Without further rephasing we are also left with the two phases in
UQu,d , that we parametrize as
UQf =
(
cf sf e
iαf
−sf e−iαf cf
)
. (41)
In the following we assume that sf  1, as naturally implied by some alignment of the ∆Yu,d
spurions in the U(2)Q space with respect to the leading (2, 1, 1) breaking term.
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A.2 Diagonalization and CKM
The Yukawas are diagonalized by
UuLYuU
†
uR = diag(yu, yc, yt)
UdLYdU
†
dR = diag(yd, ys, yb) . (42)
To a good approximation, left-handed up-type diagonalization matrix is
UuL =
(
UQu 0
0 1
)
×R23(st;φt)
=
 cu su eiαu −sustei(αu+φt)−su e−iαu cuct −custeiφt
0 ste
−iφt ct
 , (43)
where st/ct =  xt, and similarly for the down-type sector (with su, cu → sd, cd, xteiφt → xbeiφb).
These expressions are valid up to relative corrections of order λu2(λd2) to the 1-2 and 2-3 elements
of UuL(UdL), and even smaller corrections to the 1-3 elements.
Contrary to the left-handed case, the right-handed diagonalization matrices become the iden-
tity in the limit of vanishing light-quark masses (or vanishing ∆Y du,d). Neglecting the first genera-
tion eigenvalues, and working to first order in λu2 and λd2, we get
UuR =
 1 0 00 1 −λu2steiφt
0 λu2ste
−iφt 1
 ,
UdR =
 1 0 00 1 −λd2sbeiφb
0 λd2sbe
−iφb 1
 . (44)
We are now ready to evaluate the CKM matrix VCKM = (UuL ·U †dL)∗. Using the decomposition
above we find
V
(0)
CKM =
(
U∗Qu 0
0 1
)
×R23(s; ξ)×
(
UTQd 0
0 1
)
, (45)
≈
 cucd + susd ei(αd−αu) −cusd e−iαd + sucd e−iαu suse−i(αu−ξ)cusd eiαd − sucd eiαu cucd + susd ei(αu−αd) cuseiξ
−sds ei(αd−ξ) −scde−iξ 1
 . (46)
where (s/c)eiξ = xbe
−iφb − xte−iφt , and where we have set c = 1. With an appropriate rephasing
of the fields this structure is equivalent to the one in Ref. [24] (with φ = αd−αu and su,d → −su,d).
To match this structure with the standard CKM parametrization, we rephase it imposing real Vud,
Vus, Vcb, Vtb, and Vcs (which is real at the level of approximation we are working), obtaining
VCKM =
 1− λ2/2 λ suse−iδ−λ 1− λ2/2 cus
−sds ei(φ+δ) −scd 1
 , (47)
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where φ = αd − αu, while the phase δ and the real and positive parameter λ are defined by
sucd − cusde−iφ = λeiδ. (48)
The parametrization (47) is equivalent, in terms of precision, to the Wolfenstein parametri-
zation up to O(λ4) and, similarly to the latter, can be systematically improved considering higher
powers in s, sd, and su. The four parameters su, sd, s, and φ can be determined completely (up
to discrete ambiguities) in terms of the four independent measurements of CKM elements. In
particular, using tree-level inputs we get
s = |Vcb| = 0.0411± 0.0005 , (49)
su
cu
=
|Vub|
|Vcb| = 0.095± 0.008 , (50)
sd = −0.22± 0.01 or − 0.27± 0.01 . (51)
As a consequence of the U(2)Q symmetry, |Vtd/Vts| is naturally of O(λ) and the smallness of
|Vub/Vtd| is attributed to the smallness of su/sd [6]. The latter hypothesis fits well, at least
qualitativey, with the strong alignement of the spurions ∆Yu and V in the U(2)Q space indicated
by the smallness of mu/mc.
B Soft-breaking masses
In the limit of unbroken symmetry the three soft mass matrices have the following structure:
m2
f˜
=
 m2fh 0 00 m2fh 0
0 0 m2fl
 (52)
where the m2fi and are real parameters. When the spurions are introduced in order to build the
Yukawas, they also affect the structure of the soft masses, which assume the form
m2
Q˜
= m2Qh
(
1 + ∆LL xQe
−iφQV ∗
xQe
iφQV T m2Ql/m
2
Qh
)
, (53)
m2
d˜
= m2dh
(
1 + cdd∆Y
T
d ∆Y
∗
d xde
−iφd∆Y Td V
∗
xde
iφdV T∆Y ∗d m
2
dl
/m2dh
)
,
m2u˜ = m
2
uh
(
1 + cuu∆Y
T
u ∆Y
∗
u xue
−iφu∆Y Tu V
∗
xue
iφuV T∆Y ∗u m
2
ul
/m2uh
)
,
where
∆LL = cQvV
∗V T + cQu∆Y ∗u ∆Y
T
u + cQd∆Y
∗
d ∆Y
T
d
and ci, xi are real O(1) parameters.
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Let’s consider first the case of m2
Q˜
. In the limit where we neglect light quark masses (∆Yu,d →
0), adopting the explicit parametrization in sect. A.1, we have
R23(sQ;−φQ)×m2Q˜ ×R23(−sQ;−φQ)
= (m2
Q˜
)d = diag(m2Q1 ,m
2
Q2
,m2Q3) (54)
where sQ/cQ = xQ/(1−m2Ql/m2Qh) ≈ xQ and
m2Q1 = m
2
Qh
, (55)
m2Q2 = m
2
Qh
(
1 + 2cQv + 
2x2Q
)
+O(2m2Ql) , (56)
m2Q3 = m
2
Ql
− 2xQm2Qh +O(2m2Ql) . (57)
This implies that in the mass-eigenstate basis of down quarks, m2
Q˜
is diagonalized by
W d†L m
2
Q˜
W dL = diag(m
2
Q1
,m2Q2 ,m
2
Q3
) , (58)
W dL = U
∗
dL
×R23(−sQ;−φQ) . (59)
With such definition the coupling of the gluinos to left-handed down-type quarks and squarks in
their mass-eigenstate basis is governed by [d¯iL(W
d
L)ij q˜
j
L] g˜.
Employing the CKM phase convention in (47) for both down-type quarks and down-type
squarks, the mixing matrix W dL assumes the form
W dL =
 cd sde−i(δ+φ) −sdsLeiγe−i(δ+φ)−sdei(δ+φ) cd −cdsLeiγ
0 sLe
−iγ 1

=
 cd κ∗ −κ∗sLeiγ−κ cd −cdsLeiγ
0 sLe
−iγ 1
 , (60)
where κ = cdVtd/Vts,
sLe
iγ = e−iξ(sxbe
−iφb + sQe−iφQ)
≈ xbe−i(ξ+φb)
(
1 +
xQ
xb
ei(φb−φQ)
)
, (61)
and, as usual, we have neglected O(2) corrections. To understand the structure of i→ j FCNCs,
it is useful to consider the combinations
λ
(a)
i 6=j = (W
d
L)ia(W
d
L)
∗
ja , λ
(1)
ij + λ
(2)
ij + λ
(3)
ij = 0 , (62)
for which we find
λ
(2)
ij = cdκ
∗ +O(s2Lκ∗) [ij=12], +sLκ∗eiγ [ij=13], +cdsLeiγ [ij=23],
λ
(3)
ij = s
2
Lκ
∗cd [ij=12], −sLκ∗eiγ [ij=13], −cdsLeiγ [ij=23].
(63)
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From these structures we deduce that 2 → 1 transitions receive contributions aligned, in phase,
with respect to the SM term. The new non-trivial phase γ enters only in FCNC transitions of the
type 3 → 1, 2, where it appears as a universal correction relative to the CKM phase. Note that
the phase γ and the 2 → 3 effective mixing angle sL do not vanish also in the limit of vanishing
breaking terms in the soft mass matrix (xQ → 0).
Switching-on the ∆Yu,d terms in m
2
Q˜
leads to tiny corrections to W dL that can be neglected
to a good approximation, similarly to the light-quark corrections to the CKM matrix elements.
The most significant impact of ∆Yu,d 6= 0 is on the mass splitting of the first two generations.
In principle, the mass splitting of the first two generations has a non-negligible impact on 2→ 1
FCNC transitions (Kaon physics). However, in the limit m2Ql  m2Qh it becomes negligible also
for 2→ 1 transitions.
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